Volvox carteri f. naganensis takes up arginine via a high affinity, highly specific carrier, whereas carriers for neutral and acidic amino acids cannot be detected (even in The use of mixed, radioactive amino acids to study protein synthesis in the simple, autotrophic, multicellular eukaryote, Volvox carteri f. nagariensis, led to an unexpected observation: in this species arginine is taken up from the external medium and utilized in protein synthesis far more rapidly than any ofthe other common amino acids of proteins, including lysine (7). This led to the speculation (confirmed by preliminary observations) that Volvox possesses only one carrier capable of mediating amino acid uptake, and that this carrier is arginine-specific. If verified, this would appear to be a novel situation. Some algae have been shown to accumulate arginine more rapidly than neutral or acidic amino acids (6, 11, 12 ), yet saturable carriers for the latter two classes of amino acids have usually been detected in other species, at least in nitrogen-starved cultures. The first objective of the work presented here was to reexamine the selectivity of amino acid uptake by Volvox under a variety ofculture conditions, including nitrogen starvation. We found no evidence for any amino acid carrier other than an arginine-specific one under any culture conditions; but in the course of these studies, we determined that arginine is incapable of supporting growth of Volvox when supplied as the only source of nitrogen in the medium.
The use of mixed, radioactive amino acids to study protein synthesis in the simple, autotrophic, multicellular eukaryote, Volvox carteri f. nagariensis, led to an unexpected observation: in this species arginine is taken up from the external medium and utilized in protein synthesis far more rapidly than any ofthe other common amino acids of proteins, including lysine (7) . This led to the speculation (confirmed by preliminary observations) that Volvox possesses only one carrier capable of mediating amino acid uptake, and that this carrier is arginine-specific. If verified, this would appear to be a novel situation. Some algae have been shown to accumulate arginine more rapidly than neutral or acidic amino acids (6, 11, 12 ), yet saturable carriers for the latter two classes of amino acids have usually been detected in other species, at least in nitrogen-starved cultures. The first objective of the work presented here was to reexamine the selectivity of amino acid uptake by Volvox under a variety ofculture conditions, including nitrogen starvation. We found no evidence for any amino acid carrier other than an arginine-specific one under any culture conditions; but in the course of these studies, we determined that arginine is incapable of supporting growth of Volvox when supplied as the only source of nitrogen in the medium.
What is the adaptive significance of being able to accumulate rapidly one, and only one, amino acid when that amino acid cannot be utilized as a sole nitrogen source? In pondering that question we were led to the speculation that the carrier involved in the arginine uptake might have physiological significance because of its capacity to transport urea, and that arginine accumulation might be merely a trivial, secondary consequence of imperfect structural specificity of the urea carrier. Urea has been shown to serve as an efficient nitrogen source for a wide variety of algae (14, 15) and in several algae (including a close relative of Volvox, Chlamydomonas) it has been demonstrated that urea is taken up by a saturable, carrier-mediated process (3, 10, 16) . Furthermore, Volvox flourishes in polluted farm ponds where the capacity to transport and utilize urea as a nitrogen source should be of selective value. Therefore, the second objective of the work presented here was to examine urea uptake by Volvox under a variety of culture conditions and to ascertain (by quantitative and qualitative examination of the kinetic properties and specificities of the arginine and urea uptake systems) whether urea and arginine are taken up by the same carrier in Volvox. We find that they are not.
Finally we report the pattern of temporal variation observed in the rates of arginine and urea uptake throughout the asexual life cycle of synchronous Volvox cultures.
MATERIALS AND METHODS
Axenic cultures of V. carteri f. nagariensis, strain HK10 (originally obtained from the Indiana University Culture Collection of Algae, now the Culture Collection of Algae at the University of Texas), maintained in the asexual state, were used throughout this study. Standard growth conditions (including the use of medium containing 0.5 mM Ca(NO3)2, where not otherwise indicated) were as previously reported (7) except for four minor changes, all of which have been found to improve the degree of developmental synchrony: (a) the standard Volvox medium is now routinely supplemented with 20 mg of Na2CO3/l; (b) the temperature during the illumination period has been raised to 32 C; (c) each 48-hr cycle now comprises 32.5 hr of light followed by 15.5 hr of darkness; and (d) the level of illumination (provided by cool white fluorescent lights) has been increased to 215 At the time of analysis organisms were removed from the filters and disrupted with ultrasound in 1.3 ml of ice-cold standard Volvox medium as previously described (7) . Duplicate 0.2-ml aliquots were removed from each sonicate for determination of protein concentration by the method of Lowry et al. (9) . Quadruplicate 0.15-ml aliquots were transferred to Whatman GF/A filter discs; two of these were used to determine total radioactivity and two to determine the level of trichloroacetic acid-insoluble radioactivity; TCA'-soluble radioactivity was determined by difference. Routinely the TCA extraction was performed in the cold, but occasional samples were subjected to both cold and hot TCA extractions. Radioactivity was measured in a liquid scintillation spectrometer, counting efficiency was determined for each sample as previously described (7) , and observed counting rates were converted to disintegration rates. Disintegration rates were converted to molar values using specific radioactivity data supplied by the total uptake and incorporation ofradioactivity into TCA-insoluble materials. In four such experiments neither the uptake nor the incorporation of lysine exceeded 3% that of arginine; uptake and incorporation of leucine and glutamate never exceeded 1% that of arginine (Table I) .
Chromatographic analysis of TCA extracts of cultures which had been exposed to [3H]arginine for 1 hr yielded good recovery of radioactivity in the region corresponding to arginine and no radioactivity associated with any known arginine metabolite. We therefore assume that the level of intracellular TCA-soluble radioactivity in such cultures provides a valid minimal estimate of intracellular arginine concentration. When this value was compared to the arginine concentration of the medium (as determined by measurement of the radioactivity remaining in the medium), it appeared that arginine was being accumulated against a steep concentration gradient (Table I ). In contrast, neither leucine nor glutamate ever appeared to be accumulated against a gradient. Lysine uptake appears to be slightly more rapid than that of leucine or glutamate and lysine appears to be concentrated against a modest concentration gradient. Both of these effects can be blocked with nonradioactive arginine. In the presence of an arginine excess, lysine resembles leucine and glutamate with respect to both rate of uptake and the ratio of intracellular to extracellular concentrations achieved at the end of 1 hr. In contrast, excess lysine has only a modest effect on arginine uptake. Growth and Amino Acid Uptake as a Function of Nitrogen Source in Medium. It has been observed that the ability to accumulate exogenous amino acids is repressed in certain algae when they are maintained in media that supply inorganic nitrogen in forms and amounts adequate to support growth (11, 12) . Therefore, a variety of potential nitrogen sources were tested, at isonitrogenous levels (1 mg atom of N/1), for their effects on amino acid uptake.
Ammonia and urea proved to be as effective as nitrate (the nitrogen source in standard Volvox medium) in supporting vigorous growth and synchronous development. At the end of six transfer generations no differences in appearance or growth rate could be detected among nitrate-, ammonia-, or urea-grown cultures. Both arginine and leucine failed (as completely as a nitrogen-free medium) to support Volvox growth. In the latter three media, growth and development continued sluggishly for about 24 hr (apparently utilizing stored nitrogen sources) but then ceased completely.
Studies of arginine and leucine transport were performed on cultures grown at least one full generation (48 hr) on nitrate, ammonia, or urea medium as well as cultures maintained 24 hr in Table I . Uptake and Incorporation of H-Amino Acids in a One-Hour Incubation.
All amino acids supplied at 2. arginine, leucine, or nitrogen-free medium. At the end of the precultivation period all organisms to be assayed for amino acid uptake were thoroughly washed with, and resuspended in, nitrogen-free medium to circumvent complications arising from direct effects of nitrogenous medium components on uptake assays. Arginine uptake reflected the effects of medium composition: it was found to be significantly elevated in organisms starved for nitrogen by exposure to leucine or nitrogen-free media, whereas there were not significant differences among cultures grown on the three adequate nitrogen sources (Table II) . Cultures preexposed to arginine (although they also appear to be nitrogenstarved) show a substantial depression in arginine uptake activity relative to the control, growing cultures. Since measurements (not shown here) eliminate the possibility that this depression in apparent arginine uptake can be attributed to a dilution effect of extracellular arginine carried over from the precultivation medium, these data suggest a specific inhibitory effect of intracellular arginine on arginine uptake.
Leucine uptake showed no significant variation with medium composition: it remained as low in nitrogen-starved cultures as in well fed cultures (Table II) . Nitrogen starvation of more than 24-hr duration led to a generalized depression of metabolic activities in the cultures unaccompanied by any stimulation of leucine uptake. When uptake of nonbasic amino acids was studied over a wide range of substrate concentrations (10-9-10-:' M), in both well fed and nitrogen-starved cultures, uptake was always found to be linearly related to concentration in the medium (data not shown). Even in starved cultures, uptake of nonbasic amino acids appears to be by a nonsaturable, diffusion-limited process; there is no indication that starvation leads to derepression of any uptake system for either neutral or acidic amino acids in Volvox.
Urea Uptake and the Effect of Nitrogen Source in Medium. As a first test of the hypothesis that arginine was being taken up by a urea transport system of modest substrate specificity, parallel cultures, grown in nitrate-containing medium, were exposed for I hr to equimolar concentrations of ['4C]arginine and [ 4C]urea in the presence and absence of large molar excesses of unlabeled arginine or urea. Urea was taken up as well as arginine. A large excess of urea blocked arginine uptake almost completely, whereas the same molar excess of arginine blocked urea uptake only partially. With one exception the results obtained in this study were those one would have predicted if both substances were being transported by a single carrier possessing higher affinity for urea than arginine. The exception is that one would have expected urea to be more effective than unlabeled arginine in blocking uptake of labeled arginine; the reverse was observed.
Urea uptake was next examined in cultures exposed to the same six media employed earlier to study arginine uptake. Urea uptake responded in the same fashion as arginine uptake to the six different media with one critically important exception: preexposure to arginine-containing medium markedly stimulated urea uptake (Table III) , whereas it had markedly suppressed arginine uptake (Table II) In some cases, rapid metabolism of a substrate within a cell introduces complexities in the analysis of uptake kinetics. In other cases, however, metabolism (such as rapid incorporation of amino acids into proteins) provides a "sink" which prevents backward movement of the substrate and facilitates analysis: as long as uptake remains the rate-limiting step, accumulation of the metabolic product can often be used as an indirect measure of the transport kinetics. It was not a priori obvious whether the best measure of uptake kinetics in our studies would be provided by data on total cellular radioactivity, TCA-soluble radioactivity, or TCA-insoluble radioactivity. We therefore performed Lineweaver-Burk analyses ofall three kinds ofdata. With both arginine (Fig. 2) (Fig. 3) . (X-X), (C0----), and (A-----A): total, TCA-insoluble, and TCA-soluble radioactivity, respectively. (Fig. 4) (Fig. 4) . (Fig. 5 ), very few points fell along the diagonal line as would be expected if the inhibitors were affecting the two transport systems proportionally. Uptake of Arginine and Urea through the Light-Dark Cycle. All of the studies reported up to this point were performed between the 3rd and 8th hr of the illumination period (a period when embryogenesis has been completed for many hours and both parent and juvenile spheroids are in a rapid expansion phase). On occasion we attempted to perform studies at other phases of the life cycle but found quite different basal levels of arginine and urea transport under otherwise identical control conditions. We proceeded to measure the magnitude of arginine and urea uptake at approximately 4-hr intervals through a 48-hr culture period (one full asexual generation). The results were highly consistent (Fig. 6) . Uptake of arginine was moderately high throughout the culture period, although it rose appreciably near the end of the DW. urea are rapidly incorporated into many cellular components.
(Whereas all of the cold TCA-insoluble radioactivity in ['IC] arginine-labeled cells is also hot TCA-insoluble (7), about a third of the cold TCA-insoluble radioactivity in ['4C]urea-labeled cells is hot TCA-soluble-ie. is probably in nucleic acids-unpublished data.) We speculated at the outset that rapid arginine uptake by Volvox might be a trivial consequence of the modest specificity of the urea carrier. That hypothesis has been thoroughly invalidated by observations reported here. These observations, in the order they were presented under "Results" are as follows. (a) Exposure to arginine as a sole potential nitrogen source leads simultaneously to a significant depression in rate of arginine uptake and a significant stimulation in rate of urea uptake (Tables II and III) . (b) The Ki for competitive inhibition of arginine uptake by urea is more than 300 times as high as the Km for urea uptake. Similarly, the Ki for competitive inhibition of urea uptake by arginine is more than 1,000 times as high as the Km for arginine uptake (Table V) . (c) The patterns ofrelative sensitivity to other structural analogs are entirely different for the arginine and urea uptake systems (Fig. 5). (d) The activities of the arginine and urea uptake systems vary independently throughout the life cycle (Fig. 6) . Furthermore, we have recently observed that the energy coupling for arginine and urea transport is radically different: urea uptake is light-driven and ceases at once if light-adapted Volvox are plunged into the dark, while arginine uptake continues unabated (Fochtmann and Kirk, in preparation). Taken together, these observations necessitate the conclusion that arginine and urea are taken up on separate and distinct carriers.
It might be anticipated that if arginine acts as a competitive inhibitor of urea uptake, the urea carrier might contribute to arginine uptake at high arginine concentration. If this were so, one would expect to see a second saturable (hyperbolic) component in the curve. relating arginine uptake to arginine concentration in the range of 10-4 to 10-3 M (the region of the arginine Ks).
There is no such deviation from linearity detectable in this substrate concentration range (Fig. 3) . Hence, we conclude that the urea carrier binds arginine weakly but is incapable of transporting it across the membrane. Such a relationship has been reported in other systems (5) and is usually taken to mean that the competitive inhibitor bears adequate resemblance to the normal substrate to participate in the first step of transport but inadequate resemblance to participate in some subsequent step required for transport. This provides presumptive-but not conclusive-evidence that the process is a form of active transport and not simply facilitated diffusion.
The most interesting aspects of the studies reported here, from a developmental point of view, are the rapid and substantial transients in urea uptake activity seen at two points in the life cycle (Fig. 6) . The rapid rise and decline in this activity near the end of the illumination period appear to be linked, somehow, to the developmental program of the reproductive cells (Fig. 7) . The other transient, at the end of the dark period, may provide a clue to the mechanism(s) by which the light-dark cycle synchronizes growth and development (synchrony is lost in continuous light). We have determined that these two transients occur by entirely distinct mechanisms (Fochtmann and Kirk, in preparation). We are now attempting to determine the causal links (if any) between these transients and the regulation of the developmental program.
Finally, we return to the original question: what is the adaptive significance of the special treatment accorded arginine (compared to the other common amino acids) with respect to uptake? The capacity to transport urea is of obvious adaptive significance to any organism found (as Volvox often is) in the temporary "ponds" formed in the hoofprints of a cattle feed lot; but under what circumstances would a survival advantage accrue to an organism capable of transporting one (and only one) amino acid, particularly when that amino acid cannot be catabolized for use as a nitrogen source? It now appears that the answer may be that the capacity to transport arginine is, in Volvox, a vestigial trait without contemporary ecological significance. We report in the accompanying paper (8) that the related unicellular organism Chlamydomonas also possesses only one amino acid carrier: an arginine carrier similar to that of Volvox; but Chlamydomonas retains the capacity to catabolize arginine and use it as a nitrogen source. In an extension of these studies (Kirk and Kirk, submitted for publication elsewhere) we have examined amino acid uptake in eight additional unicellular and multicellular algae in the orders Volvocales and Chlorococcales. We have found that all algae examined have arginine carriers. Some, however, possess additional carriers for neutral and/or acidic amino acids. The capacity to transport amino acids to all classes is found in many neritic marine algae (6, 11, 12) and appears to be of real adaptive significance, since amino acids provide a substantial fraction of the available nitrogen in many coastal waters (1, 2, 13) . Is it possible that in the movement from marine to fresh water environments green algae have experienced a relaxation ofthe selective pressure to maintain a full complement of amino acid scavenging and catabolizing systems, and that the arginine carrier in Volvox merely represents the only such system not yet lost in this species through genetic drift?
